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ABSTRACT

Implementatiorand sharingf 3D Earth models by the seismological research community, and evaluation of those
modelsby global monitoring agencies is hampered by the plethora of model paraatétes and formats that have
beenimplemented by model develope@eoTess is an attempt to addréss issueby providing a common model
parameterizatiofor multi-dimensional Earth models and a software support system that deals vatmgieiction,
population, storage and interrogation of data stored in the model. GeoTess is not limited to any particular type of
data; to GeoTess, the data are just 1D arrays of values associated with each node in the grid. The grid and many of
the basic grid manipulan algorithms implemented by GeoTess are desd in Ballard et al. (2009).

In this paper, we describe the salient features of the model parameterization and supporting software and describe
two exampleapplicatiors. The first ialled LibCorr3D, whichs an application thahanages 3D lookup tables for

travel time correction information. With this software, the research community can develop 3D velocity models of
the Earth, precompute staticiphasé specific travel times and travel time uncertaintt@®ugh their model in any
manner they deem appropriate and deliver that information to monitoring agencies in a format that the monitoring
agencies are prepared to accept.

The package, including source code, is supplied in Java and C+r€. dreealso iterfaces to th€++ version
written inC and Fortran90. GeoTess has been tested on multiple platforms, including Linux, SunOS, MacOSX and
Windows.



INTRODUCTION

The use of multdimensional global Earth models in both the seismological research comiauoahiity the

operational systems of global monitoring agencies has become increasingly ubiquitous in recent years and is
destined to become even more prevalent in the future. This trend is driven by the significantly enhanced fidelity of
these models relativto the real Earth structure and composition, resulting in the promise of more accurate

predictions of seismic observations and hence to more accurate and precise estimates of seismic event locations and
magnitudes. Use of multimensional global modelsas become feasible in recent years due to the dramatic

increase in commercial ofhe-shelf computational resources that are readily available.

Efforts to evaluate mulilimensional modeland incorporate them into operational systems are complicatéa by t
unique formats and software support systems that are implemented by each developm@&titeaet al, 2011)
This makes evaluation and implementation of 3D models by monitoring agencies difficult and inefficient and
reduces the probability that reseta products developed by the seismological research community will ever find
their way into operational systems.

GeoTess is an attempt to address some of these issues by providing a common model format designed to facilitate
the implementation and sharin§3D Earth models. GeoTess is composed of a model parameterization fer mult
dimensional Earth models ardtensiblesoftware thatmplementghe constructionpopulation, storage and

interrogation of data stored in the model. GeoTess is not limiteytpaticular type of data; to GeoTess, the data

are just 1D arrays of values associated with each node in the grid. The grid and many of the basic grid manipulation
algorithms implemented by GeoTess are described in Ballard et al. (2009).

While many Earth modsluse regular latitude longitude grids to describe the geographic geometry and topology,
GeoTess uses a triangular tessellation. These two approaches are compared in Figure 1. While software algorithms
that use regular latitude longitude grids are muchenstraightforward to develop, the grids suffer from severe
unintendedvariability in cellareas with cell areasapproaching zero near the poles. Software for triangular
tessellationson the other hands somewhat more complicated to develop but resulgridswith much more

uniform cell size and approximately 25% fewer vertices.
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Figure 17 Comparison of a regular latitude longitude grid and a uniform triangular tessellation. In both
grids the edge lengths are approximately 4°.

GeoTess software provides tools to perform the following functions:

1 Construct the discretized grid of a model by defining the positions of all the nodes (geometry), and the
connectivity of the nodes with one another (topology or connectivity) to forroweriapping triangles that
completely span the unit sphere. Construction of grids with variable resolution in both geographic and radial
dimensions is supported.

9 Query a modiegrid for information about the nodesllsor tessellations.

9 Associate data structures with the nodes and/aceheof the geometry.



1 Modify the data associated with a nodecel.

1 Query the model for the data associated with a specified nazidl.or

1 Rapidly find arbitrary positions within the grid hierarchy (point searching).

1 Given an arbitrary position within the model space that does not correspond to a node of the model geometry,
calculate a set of interpolation coefficients that can be appliddta at nearby nodes of the model geometry to
obtain an estimate of the data value at the point of interest. GeoTess currently implements linear and natural
neighbor interpolation algorithms and may implenehditional methodm the future.

1 Read modelfrom, and write them to, files in ascii, net@tida custom binarformats.

Grid construction is implemented in an application called GeoTessBuitlarh is written in Java and can be run
on any computer platform that supports that language. Thememdiinctions described above are implemented in
a software library called GeoTesghich is available in Java and C++ with C and FORTRANO95 interfaces to the
C++ library. The libraries have been tested on SunOS, Linux, Mac OSX and Windows operatimg.syste

MODEL COMPONENTS

A GeoTess model is comprised of the following elements:

1 A set oflayers (Figure 3. Each layer spans the entire 2D geographic extent of the model. The boundaries at
the top and bottom of a layer may have topography. Within each layer, model data \@k@#iatuous, both
geographically and radially. Model data values may be discontinuous across layer boundaries. Layers may
have zero thickness at some or all geographic locatfomgnportant limitation of the parameterization used by
GeoTess is thatya&r boundaries may not fold back on themselves, i.e., any radial line emanating from the
center of the Earth must intersect each layer boundary exactly one time.
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Figure 21 A slice through a 3D P velocity model. The model consists of a number of layers, such as the Ir
Core, Outer Core, etc. Each layer is associated withseparate multilevel tessellation, providing variable
resolution in the radial direction. Profiles are defined as a set of nodes, all within a single layer of the mod
positioned along a line with constant geographic position. Note the variable resolati in the geographic
dimensions in the upper mantle.



Figure 31 Construction of a multi-level tessellation by iterative subdivision of triangles. Each image
represents one level and together the levels comprise a single migdtvel tessellation.

1 A set ofmulti-level tessellationgFigure 3. Each layer will be associated with one mietrel tessellation but
many layers may be associated with each rfeNgl tessellation, i.e., there is a méaoyone relationship
between layers and mulgvel tessellations. By associating layers that are deep in the Earth with low resolution
multi-levd tessellations and layers at shallower levels in the Earth with higher resolutiodaveilti
tessellations, the resolution of the model can be varied radially as nedesaeinieve more appropriate
sampling

1 Thetopology of each multievel tessellation will consist of a setlefels(see Figure B with each level
consisting of a set of triangles that spans the surface of a unit sphere, without gaps or overlaps. The triangles on
a given tessellation level are obtained by subdivision of the triangle® qmetious tessellation lelyavith the
first tessellation level being an icosahedr&ach multilevel tessellation may have variable resolution in the
geographic dimensions (i.e. the triangles can be subdivided into smaller triangles arbitrarily).

1 Thegeometryof each multilevel tessellation will consist of a set wérticesthat defines the positions tfe
corners of the triangle#.a model is comprised of more than one mlgtiel tessellation, they wihare
common vetices, to the extent possible.

9 Data arrays. Each dataraay is alD array of data values that may be of type double, float, long, int, short or
byte. All the data arrays in the model must be of the same type and must have the same number of elements.

1 Profiles. Each profile is composed of a set of monotonically increasing radii and a set afrdgta Each
profile is associated with a single vertex and a single layer in the model. The first and last radii in a profile
define the bottom and top of the adated layer at the geographic position of the vertex. Several types of
profiles are supported:

o N-Point profiles consist of two or more radii and an equal number of datsys with one datarray
associated with each radius.

o Constant value profilescorsist of two radii and a single dagaraythat defines the data valuis the
entire radial span of the profile.



0 Thin profiles consist of a single radius and a single @atay. They have zero thickness, i.e., the radius of
the bottom and top of the dile are equal.

o Empty profiles consist of two radii but no datarays

o Surface profilesconsist of only a single dataray They have no radius values. These are used to support
2D models.

The data values within a profile are continuous.

1 A 2D array of Profiles with nVerticesx nLayerselements. The first index refers to one of the vertices of the
model geometry and the second index refers to one of the layers of the model. For a given vertex index, the 1D
array of profiles contains a profile for each layer of the model, stored in@ra@reasing radiusThe last
radius of each profile in a 1D profile array must be equal to the first radius of the next profile in the same 1D
profile array. While the data values within a single profile are continuous, data values may be discentinuou
across profilei(e. layer) boundaries.

1 Radial interpolators that interpolate data values in profiles. These include linear interpolators, cubic spline
interpolators, and potentially others.

1 2D interpolators that interpolate values in the 2 geographinghsions. These include linear interpolators that
interpolate values within a single triangle of the 2D tessellations, and higher order interpolators that provide
continuous spatial derivatives of the data values.

1 (2+1)D interpolators that combine 1D an@D interpolators to interpolate data in 3D. They first use a 1D
interpolator to interpolate values at a specified radius in a neighborhood of profile arrays, and then apply a 2D
interpolator to those values to find an interpolated value at the desirled&idn.

GRID GENERATION

As mentioned aboverig generation is accomplished with a softwareligafion called GeoTessBuilder, which
operates in two fundamental modes. In the figgtpTessBuildewill construcia new 2Dgeographic gridrom
scratch.Specification of theadii and data values along the profiles of the model is performed separatesigrby
generatedoftware (examples are provided witletcode). To build aew grid in this mannethe usefirst

specifies a dfault grid resolution ( edge length of the triangles, in degrees). If nothing further is specified, then a
uniform tessellation with that resolution will be constad. The user may also spgain arbitrary collection of

points, paths and polygons, or any combination tHeré@oTessBuilder will refine the grid in and around those
points, paths and polygons, to whatever grid resolution the user requests (Figure 4). The points, paths and polygons
can be specified in ascii text files, or can be accessed from kmz files tgeineyaGoogle Earth.

In the second mode of operation, GeoTessBuilder will consarnetwv3D grid by refining an existin@D GeoTess
grid. The user supplies an existing grid andstdf grid node indexesGeoTessBuilder will add additional grid
nodes sound the specified grid nodexffectively doubling thespatialresolution around the supplied grid nodes.
Refinement is performed in both the geographic and radial dimensions.
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Figure 41 Grid refinement options. On the left are shown points, paths and polygons generated in Goog
Earth. GeoTessBuilder can read the Google Earth kmz files and refine the grid in or around the points,
paths or polygons.



SALSA3D MODEL

We offer two examples of models based on the GeoTess parameterization. The first is SALSA3D, a global P
velocity model of the Earth (Begnaetial., this volume; Begnaud et al., 2D1The SALSA3D model iddeployed

on a grid that was generated withadaptive grid refinement algorithnThe starting model consisted of a
triangular tessellation with uniform &dge lengths (Figure 5a). After an iterative tomographic inversion procedure
had converged, the rdel resolution matrix was computégigure 5. All grid nodes where the diagonal of the
model resolution matrix was greater than 0.3 were refineffeatively double the spatial resolution of the model in
the vicinity of the nodes with high model restbn. This procedurgomography followed by model resolution
calculation and adaptive grid refinemengs repeated 4 times, at the end of which the gricspatialresolution as
low as¥% (Figure 5c) and the mode#solution was everywhere less tha8 (Figure 5d).This procedure resulted

in a model with approximately an order of magnitude fewer nodes than would have been the cagpatiihe
resolution had bee¥t everywhere.
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Figure 57 SALSA3D grid refinement.

LIBCORR3D

LibCorr3D is a software librarpuilt uponGeoTesshatis used to managstationphase specifipredictions of
seismicattributes and uncertainties of those predictio®r every station in a network, every phase of interest, and
everyattributeof interest (e.g. travel time, horizontédbwness, statioever azimuth etc.) a separate GeoTess

model is generated which stores 2 quantities: the predicted value and the uncertainty of the prédieiemic

event location code would use these models by looking up predictions and model uncertainties, mather tha
computing them on the fly. An alternative strategy would be that LibCorr3D would store correctiahse®
computed witta 1D model, such as ak135, rather than the predicttemselvesand the locator would add the
correctiors to the valusit calaulated with the 1D model.

Figure 6 illustrates the contents of a typical mddebktationGERES located in GermanyThe difference in travel
time computed using SALSA3D and ak135 is illustrated in the upper left. In the lower left is the uncertidiety of
travel time predictions calculated by SALSA3D (see Hipp et al., this volume, for more information). Standard 1D



Figure 61 LibCorr3D model for station GERES located in Germany. a) Difference between travel times
computed with SALSA3D and ak135. b) Depth of the bottom of all the LibCorr3D models (not stored in
the model). ¢) Path dependent travel time uncertainty. d}D distance dependent model uncertainty (for

comparison only, not stored in the model).

distance dependent travel time uncertainty is shown in the lower right for comparison with the path dependent travel
time uncertainties coputed with SALSA3D.While the surface values of predicted travel time and uncertainty have
been emphasized, it is important to note that these values are stored in a 3D grid. The upper right image in Figure 6
is the depth of the bottom of the LibCorr3indels. Over most of the globe, the model is only one node thick (blue

in Figure 6) but the model extends deeper than any recorded earthquake where warranted by recorded seismicity.

This strategy has implicatiofisr computational performance typical model for a single statigphaseattribute,

stored at a resolution of 0.forizontally al 30 km radially, will require roughly 50 MB of memory once it is

loaded into a computer. For a network of approximately 60 stations, a single phase (first P), and two attributes
(travel time and horizontal slowness), this will require approximately ®GBAM to store, which is a modest

amount of memory on a modern compuies.meet operational performance requirements, ithveilhecessary that

all the models be loaded into memory and retained there for as long as they are being used. This ibdé&mdise t
time for the models can be substantsyverallOs of seconds up to a minute or so to load an entistgdion

network). Once the models are loaded, the time required to lookup a value in the collection of models is minimal,
much less than théne required to compui@1D or 24D predictionon the fly.For this strategy to work on a shared
computer resource where multiple jobs are running that all require access to the models, it will be desirable to run
either theLibCorr3D lookup table facilityor the locator itself in a service oriented mode. This implies that a single
instance oLibCorr3D (or the locator) is running as a service on a computer and multiple independent jobs running
at the same time can access¢bhmmon lookup table or locatservice.

SUMMARY

GeoTess is a model parameterization and software support lifha@trynanagethe constructionpopulation, storage

and interrogion of data stored in 3D Earth modelsis our hope that monitoring agencies will familiarize

themselves with GeoTess and implement the ability to accept 3D models in GeoTess format. If this happens, and
members of the research community develop the ability to deliver data products amrifas ft would greatly

facilitate the sharing of 3D Earth model information between model developers and monitoring agensmddnd



